The preparation of two-dimensional covalent organic frameworks (2D COFs) with large crystalline domains and controlled morphology is necessary for realizing the full potential of their atomically precise structures and uniform, tailorable porosity. Currently 2D COF syntheses are developed empirically, and most materials are isolated as insoluble and unprocessable powders with typical crystalline domain sizes smaller than 50 nm. Little is known about their nucleation and growth processes, which involve a combination of covalent bond formation, degenerate exchange, and non-covalent stacking processes. A deeper understanding of the chemical processes that lead to COF polymerization and crystallization is key to achieving improved materials quality and control. Here, we report a kinetic Monte Carlo (KMC) model that describes the formation of a prototypical boronate-ester linked 2D COF known as COF-5 from its 2,3,6,7,10,11-hexahydroxytriphenylene and 1,4-phenylene bis(boronic acid) monomers in solution. The key rate parameters for the KMC model were derived from experimental measurements when possible and complemented with reaction pathway analyses, molecular dynamics simulations, and binding free-energy calculations. The essential features of experimentally measured COF-5 growth kinetics are reproduced well by the KMC simulations.
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Introduction
Covalent organic frameworks (COFs) [1] [2] [3] [4] [5] [6] are porous polymer networks that predictably incorporate their monomers into periodic two-dimensional (2D) or three-dimensional (3D) topologies. 2D COFs in particular provide excellent structural versatility and tailorable few nmsize pores that suggest potential applications for catalysis 7, 8 , optoelectronic devices 9,10 , electrical energy storage 11, 12 , and nanofiltration membranes 13 , among others 3,14-17 . However, 2D COFs are typically isolated as insoluble and unprocessable powders with nanometer-scale in-plane crystalline domain sizes, which greatly limits their utility. If COFs are to be used to their fullest potential, enlarging their crystalline domains and gaining temporal and spatial control of nucleation and growth are necessary.
A prototypical boronate ester-linked 2D COF (COF-5, Figure 1) , which is derived from the condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 1,4-phenylene bis(boronic acid) (PBBA), exhibits average in-plane domain sizes on the order of 20 nm. 18 These microcrystalline powder forms arise from uncontrolled nucleation and growth processes, both of which remain poorly understood and largely unstudied. The polymerization conditions used to prepare COF-5, as well as other similar materials, are typically determined empirically, often by varying experimental parameters in parallel and screening for crystalline precipitates using powder X-ray diffraction. This method of discovery is biased towards identifying conditions under which nucleation is rapid, and little information is obtained from experiments that fail to provide crystalline products. A robust understanding of the microscopic processes associated with the formation and growth of 2D COFs is required to improve their materials quality (e.g., to obtain larger crystallites and control their isolated form). Smith and Dichtel recently performed the first detailed kinetic study of COF-5 formation, 18 in which they monitored the rate of COF-5 5 precipitation after a few-minute induction period as a function of turbidity. Measuring this rate at different temperatures, concentrations, and in the presence of various additives provided activation energies and insight into the presence of both reversible and irreversible processes.
However, turbidity measurements directly report on processes downstream of the initial polymerization and nucleation processes, which have yet to be probed experimentally. 19, 20 Therefore, detailed simulations as reported here can inform our understanding of the principles behind COF growth and ultimately contribute to robust, modular, and controlled methods to prepare 2D polymer networks. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6 Crystallization starts with nucleation followed by growth. 21 The classical theories of crystallization, classical nucleation theory (CNT) 22 and classical crystal growth theory [23] [24] [25] , assume monomer-by-monomer addition. Although recent experimental findings show that many crystallizations do not strictly adhere to this assumption for nucleation [26] [27] [28] [29] [30] [31] [32] [33] and growth [34] [35] [36] [37] [38] [39] [40] , CNT is still widely used even when its assumptions are obviously violated. 41 It remains challenging to derive a comprehensive and general theory to describe crystallization processes because of the diversity of crystallization processes and the difficulty in characterizing them. 41, 42 Nucleation is a dynamic process that occurs within nanoseconds at the nanometer scale, and often in a medium of complex composition. These factors make it hard to probe experimentally, particularly for 2D COFs, which undergo simultaneous polymerization and non-covalent assembly. 31, 41, [43] [44] [45] [46] Nucleation is also stochastic and rare, which complicates molecular dynamics (MD) simulations; crystallization simulations require long time scales and large sizes, particularly for complex processes such as crystallization from solution. 41 Nucleation and growth have been considered to be governed by different mechanisms and modeled independently, 24, [47] [48] [49] [50] despite the fact that they are intrinsically connected. Consistent descriptions of both the nucleation and growth in the same model is required for a more complete understanding of the crystallization process.
Here, we gain insight into the formation of COF-5 by developing a Kinetic Monte Carlo (KMC) approach that is able to describe COF-5 crystallization from monomers under experimental condition, a feature that has not been addressed to date. KMC is a general computational method used to describe the time evolution of a system. 51, 52 The system size and time scale accessible in a KMC simulation can be substantially larger and longer than those in MD simulations. KMC has been successfully applied to chemical reactions [51] [52] [53] , polymer growth 54 , charge transport [55] [56] [57] , predicting the kinetic factors for nucleation 58, 59 , describing the growth of crystals [60] [61] [62] [63] [64] , and lateral Page 6 of 29 Society   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 growth of single-layer 2D materials [65] [66] [67] [68] . Our KMC model reproduces key experimentally measured parameters of COF-5 growth, and provides new insights into the crystallization of COF-5. Importantly, the model simultaneously describes the nucleation and growth processes, with no predefined stages / pathways. By combining experimental rate data, reaction pathway analyses, MD simulations, and binding free-energy calculations, we are able to determine the rate parameters associated with the microscopic processes in the KMC model. We then use our KMC model as a platform to investigate the processes of nucleation and growth (both laterally and vertically) of the COF-5 crystal, providing the first structural insight into its nucleating species. The crystallization of COF-5 has a nonclassical feature, as there are multiple nucleation pathways and oligomers play an important role in the nucleation process and dominate vertical growth. We anticipate that these findings will lead to a more rational approach to 2D COF synthesis, in contrast to current protocols in which small crystalline domain sizes originate from uncontrolled and rapid nucleation throughout the polymerization.
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The kinetic Monte Carlo model
COF-5 is formed by the condensation of 2,3,6,7,10,11-hexahydroxytriphenylene and 1,4phenylenebis(boronic acid), traditionally in 4:1 dioxane:mesitylene (v/v) at elevated temperatures. 1, 18 The hexagonal sheets of COF-5 stack on each other in a quasi-eclipsed (cofacial) fashion with lateral domain sizes typically on the order of 20 nm. 1, 18 The KMC model developed to describe the crystallization of COF-5 from its monomers is based on the following assumptions: The key microscopic processes involved in the crystallization of COF-5 are bond formation, bond breakage, stacking, and destacking. These four microscopic processes are modeled as Markov processes, which means they are considered uncorrelated in time (for example, a bond formation process will not have any residual effect on a following stacking process). We note that microscopic processes such as the sliding of an oligomer on top of a larger 2D COF layer is expected to have only a modest influence on the crystallization process and are ignored in the KMC model. Both the MD simulations of Koo et al. 69 and our own show that sliding of oligomers on COF-5 sheets is very limited ( Figure S44 ), which validates their omission from the KMC model.
2.
Eclipsed stacking is the only form of aggregation that is considered. This is a reasonable assumption considering the strong dispersion (π-π) interactions between COF-5 sheets (described in the Sections 1 and 3 in the Supporting Information, SI) and the final structure of COF-5. 1 Figure 2 describes the conceptual framework of our KMC model.
In the KMC simulation, each monomer unit is considered as a node that can connect with other nodes. An interconnected node tree represents a specific oligomer. All oligomers are examined and identified according to their specific connection pattern. This approach, denoted as "node representation," is similar to the approach used to model polymer growth 54, [70] [71] [72] . During the growth of COF-5, more complicated stacked structures can form, which require an explicit treatment of their molecular coordinates. To describe COF-5 crystals or smaller stacked structures, we consider eclipsed stacking using a predefined template according to the lattice structure and a specific occupation status in the template; this approach, similar to that used by Page 8 of 29 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 Piana et al. 61 , is denoted as the "grid representation". Generally speaking, the "node representation" applies to monomers and oligomers, while the "grid representation" applies to more complex structures.
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Figure 2.
Flowchart of the KMC model developed to simulate the formation of COF-5 crystals from monomers (see text for details).
Bond formation occurs when one of the three reactive sites of HHTP connects with one of the two reactive sites of PBBA among monomers, oligomers, or larger stacked structures, releasing 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 two H 2 O molecules. Conversely, bond breakage occurs when a connection between HHTP and PBBA is severed, consuming two H 2 O molecules. Since bond formation and breakage are dependent on the concentration of monomers, oligomers, aggregated structures, and H 2 O, the KMC simulation is updated at every step to account for the current composition.
Stacking can occur between two oligomers, one oligomer and a stacked structure, or two stacked structures. The grid representation is used when two structures stack into a larger eclipsed structure (with any HHTP unit in one structure having equal chance to stack with any HHTP unit in the other structure at the interface). Destacking occurs when two adjacent layers in a COF structure are split into two new structures. When the products are multi-layered, the grid representation is used, otherwise the node representation is employed.
Once the size of a COF structure grows past a given threshold, it is considered as a precipitate, recorded, and removed out of the simulation. A threshold of 5000 monomer units is used, since the largest average diameter (~ 45 nm, Figure S84 ) of the simulated COFs is then similar to that of materials obtained under optimal experimental conditions (~ 40 nm 18 ).
The random selection method (RSM) 53 is adopted in the KMC simulation, meaning that at every step all events can happen with probabilities that are proportional to their associated rates. The state resident time (τ) is expressed as:
where ξ 1 is a random number uniformly distributed between 0 and 1 and v i is the rate of the microscopic process (event) i. At each step, event j is selected to execute, via the condition: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11   1   1 1 2
where ξ 2 is a random number uniformly distributed between 0 and 1.
Extreme optimization of the KMC code has allowed us to simulate systems with sizes of ~10 5 monomers in the time scale of hours. The rate parameters are estimated through a combination of experimental and theoretical measurements, which we detail in the Section 1 in the SI. While the solvent is not explicitly considered in the KMC model, its influence is considered in the evaluation of appropriate rate parameters.
Results and discussion
The KMC simulation qualitatively reproduces the experimental growth curve of COF-5 ( Figure   3 ). Both curves contain an induction period followed by a linear production with time. The induction period suggests a pre-equilibrium process in the early stage of the crystallization process, while the existence of a linear regime suggests a steady nucleation rate.
We note that the induction period and the production rate from the KMC simulations quantitatively differ from the experimental results, which highlights the challenge in accurately calculating the rates involved in crystallization. 21, 73 The simulated induction period (~10 s compared to ~2 min) is shorter and the simulated initial growth rate (97.5 % per min compared to 17.1 % per min) is faster. However, these differences are within one order of magnitude or less, which in the present context is generally considered to be small. 21, 41, 74 Nevertheless, these 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 differences likely arise because (i) turbidity measurements monitor aggregates of crystals in the scale of hundreds of nanometers or microns whereas the KMC simulation monitors all sizes of COF-5 crystals and (ii) the measured rate parameters were obtained from the reactions of 4-tertbutylcatechol (TCAT) with PBBA while our reaction pathway analyses suggest that the reaction energy barrier for HHTP and PBBA can be larger (see Section 3 in SI), which will influence the KMC results. As discussed below, the nucleation process is highly influenced by the rate of bond formation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14
Nucleation
To understand the structure of the nuclei and the nucleation process, we monitored all the This suggests the existence of a nucleation process involving the evolution of these small boronate-ester linked structures. If we neglect the structural differences and assume that there is only one nucleation pathway, the partial free-energy profile can be estimated (see Figures S85-S86 in SI). When relating to classical nucleation theory 22 , the critical nucleus size is around 25 monomer units. We find that the nuclei are multi-layer structures (Figures 4b and S87 ) and that the nucleation process is the formation of stable stacked structures that allow further growth before they dissociate.
Stacking between oligomers is a fast process with a negligible energy barrier (see Section 4.3 in SI), frequently resulting in multi-layered structures. The rate of the reverse process, destacking, is highly dependent on the size of the oligomers. It is estimated that a two-layer structure with an interfacial area of seven monomer units can subsist for over 1 s before destacking, and larger structures remain stable for much longer (Figure S82) . This is in agreement with our recent report that macrocycles resembling COF-5 (consisting of 12 monomer units) spontaneously stack into nanotubes. 75 Larger structures have larger lateral sizes (average number of monomer units 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   15 per layer, as shown in Figure 4b) , and thus become intrinsically more stable, which explains the results illustrated in Figure 4a . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 17
The nucleation of COF-5 is a multistage process, as depicted in Figure 5 . The first stage is the reaction of monomers to form small oligomers, which can only happen at elevated temperatures due to the relatively high reaction barriers. The time scale of this initial stage is influenced by the bond formation rate constant and is strongly correlated with the induction time seen in Figure   2a . Reducing the bond formation rate constant increases the induction time (Figure S88) . These oligomers then follow two different nucleation pathways (Figure 5) , corresponding to the differences highlighted in Figure 4c . In one pathway, these small oligomers stack into larger structures. While the majority destack back into oligomers, a small population can grow laterally.
This produces structures with larger interfacial area between layers, increasing stability, and allows for further growth. In the second nucleation pathway, small oligomers gradually continue to grow laterally, forming large oligomers that can subsequently stack and produce stable nuclei that further grow. While the results in Figure 4c (red bars) suggest that most nuclei come from the second pathway, these two pathways are not mutually exclusive. When the first nucleation pathway fails, the generated oligomers are able to participate in the second nucleation pathway (green dashed lines in Figure 5b) . The early stages of nucleation resemble a step-growth polymerization 76 , but with a major difference that oligomers stack instead of forming bonds. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19
Growth
After a nucleus is formed, it continues to grow into a COF-5 crystal. Monitoring the formation of a single crystal shows that both the averaged lateral diameter among layers (d ave ) and the height (h) increase approximately linearly with time (Figure 6) with final sizes comparable to the dimensions of the average crystallite size inferred for a typical COF-5 sample. The linear growth suggests a chain-growth-like mechanism 76 , whereas a step-growth polymerization would lead to a non-linear growth dynamics (see Figure S89 ). Figure 6 . Averaged diameter among layers (d ave ) and height (h) of the COF-5 crystal during its growth. Insets show the structures at different times. t 0 denotes the time when the crystal started to be monitored, which corresponds to a nucleus with a total number of 40 monomer units. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20
Analysis of all the molecular species that were incorporated in the COF-5 crystals reveals that they are mostly monomers that formed bonds with COF-5 during the growth (Figure 7) . This is understandable since monomers are present in larger numbers compared to larger oligomers ( Figure S90) . However, the contribution of oligomers (up to 4 monomer units) is not negligible since they are larger in size than monomers; limiting the maximum size of the oligomers that can bond with the COF-5 crystal leads to smaller crystal diameters (Figure S91) . These results suggest that lateral growth (increase in d ave ) occurs through bond formation with monomers and small oligomers. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21
The growth of a crystal in 3D space requires increasing the number of atomic / molecular layers.
The growth of a new layer starts with the birth of a 2D nucleus on top of an old layer, which has been considered to form via monomer-by-monomer addition on top of this old layer or through dislocations. 23, 25 In the case of COF-5 crystals, monomers are found not to stack well on COF sheets (Figure S45) , and a new 2D nucleus can result from the stacking between the crystal and thermodynamically metastable oligomers present in the system, which can also include subsequent lateral growth of the stacked oligomer that further stabilizes the nucleus. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
Nonclassical crystallization of COF-5
Traditionally, crystallization is considered to follow the classical theory based on monomer-bymonomer addition. However, it has recently been shown that nonclassical crystallization occurs in many systems: 21, 48, 50, [77] [78] [79] [80] [81] [82] Nucleation can have a two-step mechanism that differs from that described by classical nucleation theory; 77,83-87 particles larger than monomers / ions can participate in the growth of crystals; 30, 39, 40 an oriented attachment (OA) mechanism has also been identified, in which nanocrystals coalesce to form the bulk crystal. 34, [36] [37] [38] 88 The term "crystallization by particle attachment (CPA)" is now used to denote crystallization processes that are dominated by particles other than monomers / ions. 42 Our results demonstrate that the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 crystallization of COF-5 is nonclassical and show strong CPA features: Oligomers are key precursors for nucleation, are major contributors to vertical growth, and contribute slightly to lateral growth.
Compared with other CPA mechanisms, the crystallization of COF-5 has its own specificities:
Nucleation involves multiple thermodynamically metastable species (oligomers, stacked structures), lateral growth and vertical growth have different mechanisms, and the (classical) monomer-by-monomer addition mechanism is still present and dominates the lateral growth of COF-5 crystals. These results highlight the diversity of the crystallization process among different materials. 41
Conclusions
To summarize, we have developed a kinetic Monte Carlo (KMC) model for the crystallization of COF-5 from solution, which reproduces experimental results well. Experimental and theoretical approaches have been combined to estimate the rate parameters associated with the microscopic processes. Based on our KMC simulations, we are able to provide a comprehensive understanding of the nucleation and growth of COF-5.
The nucleation process has several stages and results in multi-layer structures. The formation of small oligomers is the first stage and influences the length of the induction period. Two 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 primarily due to oligomers stacking. Adding H 2 O shifts the equilibrium away from large oligomers, favoring lateral growth over vertical growth and resulting in COF-5 crystals with larger diameters. These results show that the crystallization of COF-5 is reminiscent of crystallization by particle attachment (CPA), since oligomers play an important role in the nucleation process and dominate vertical growth.
Overall, we have demonstrated the feasibility of a multi-pronged approach to model the complex crystallization process of COFs. Importantly, both nucleation and growth are shown to be consistently described within the same framework, two processes that are classically modeled separately. We believe that our results will lead to informed 2D COF syntheses where both nucleation and growth will be controlled yielding higher quality materials. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 29 Page 29 of 29
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